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ABSTRACT 

We report on 1.7 and 5.0 GHz observations of the z = 3.087 radio galaxy 
B3 J2330+3927, using the Very Long BaseHne Array (VLBA), and archival 1.4 and 
8.4 GHz Very Large Array (VLA) data. Our VLBA data identify a compact, flat spec- 
trum (a^ ■pGHz — —0.2 ± 0.1; S^, oc i/") radio component as the core. The VLA images 
show that the fraction of core emission is very large {fc ~ 0.5 at 8.4 GHz), and reveal 
a previously undetected, very faint counterjet, implying a radio lobe flux density ratio 
i? ^ 11 and a radio lobe distance ratio Q «1.9. Those values are much more common 
in quasars than in radio galaxies, but the optical/near-IR spectra show a clear type II 
AGN for B3 J2330+3927, confirming that it is indeed a radio galaxy. Unlike all other 
radio galaxies, the bright Ly-a emitting gas is located towards the furthest radio arm. 
We argue against environmental and relativistic beaming effects being the cause of 
the observed asymmetry, and suggest this source has intrinsically asymmetric radio 
jets. If this is the case, B3 J2330+3927 is the first example of such a source at high 
redshift, and seems to be difficult to reconcile with the unified model, which explains 
the differences between quasars and radio galaxies as being due to orientation effects. 
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1 INTRODUCTION 

High redshift radio galaxies (HzRGs, z > 2) are excellent 
probes to explore massive galaxies and t heir proto-cluster 
environments in the early Universe fe.g.. | De Breuck et alJ 
l2002l:lRocca-Volmerange et al.l2o'ollVenemans et al ."2004'). 
HzRGs are also ideal tools for probing the activity of AGN 
in their host galaxies. Indeed, the powerful jets and ionizing 
radiation from young radio AGN can dramatically affect the 
environment of their forming host galaxies. This is clearly 
illustrated by the "alignment effect" of optical li ne-emission 
and UV-continuum along the radio jets (e.g., IChamber^ 
ll987l:lMcCarthv et al.l[l99lll . and recent discoveries of simi- 
Isjly radio /X -ray aligned emission (e.g ICarilli et al.ll200l 
IScharf et aO 12003. Ovcrzicr^TaLlliooi). CoUimated radia- 
tion from the AGN may scatter off surrounding material, 
while the jets shock and heat the ambient gas an d may 
even trigger star formation (e.g., iBicknell et aljl2000h . Thus 
HzRGs may affect, at least temporarily, the evolution of 
their hosts. 

High-resolution radio imaging of HzRGs, especially if 
combined with high-resolution optical and X-ray studies, is 



essential to make progress on some of the above issues. In 
particular, morphological comparisons of radio and optical 
continuum images may help identify effects of jet-induced 
star formation. Similarly, comparisons of high-resolution ra- 
dio and Ly-Q images may point to the interaction between 
the propagating jet and the surrounding primeval interstel- 
lar medium. The importance of such environmental effects 
is well established by the correlate d radio and optical asy m- 
metries in powerful radio sources jMcCarthv et alJll99]jr) . 

Radio galaxies at high redshifts are inevitably younger, 
and have sm aller angular sizes than th eir lower redshift 
counterparts llBlundell fc Rawling j ITogsIl . In many cases, 
their central structures are much smaller than 1", and can- 
not be resolved even with the VLA in A-array. Very-long- 
baseline interferometry (VLBI) is therefore needed to resolve 
the central components and identify their radio cores. The 
milliarcsecond (mas) resolution obtained with VLBI also al- 
lows us to morphologically identify the radio cores, and to 
study the radio jet structures. 

In this Letter, we present high-resolution imaging of the 
HzRG B3 J2330-I-3927 (4-11 mas resolution), obtained with 
the VLBA at 1.7 and 5 GHz. We also present archival 1.4 and 
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8.4 GHz data from the VLA. Our VLBA observations clearly 
identify the radio core with a compact, flat spectrum source, 
coincident with the optical/near-IR AGN emission and the 
peak of the CO emission. The deep 1.4 GHz VLA image 
shows a very weak counterjet, implying that B3 J2330+3927 
has one of the most asymmetric radio structures ever re- 
ported for a type II AGN. We assume a A-dominated uni- 
verse with Qm = 0.3, f^A = 0.7, and _ffo — 65 km s~^ Mpc~^. 
At z = 3.087, 1" corresponds to 8.2 kpc. 



2 THE HIGH-REDSHIFT RADIO GALAXY 
B3 J2330+3927 

The radio galaxy B3 J2330+3927 has been compreh e nsivel y 
studied at several frequencies by iDe Breuck et al.l i2003() , 
hereafter DB03. The 8.4 GHz VLA observations of DB03 
showed that B3 J2330+3927 is a ~ 2" wide source con- 
sisting of three radio components, located in between two 
optical (if— band) objects (a and b; see Fig. 2 of DB03). 
Based on its radio morphology, DB03 suggested that the 
marginally resolved central component might be the radio 
core. However, optical and near-IR Keck spectroscopy of ob- 
ject a showed that B3 J2330-f 3927 has a classical AGN type 
II spectrum ai z — 3.087, suggesting that this object hosts 
the radio core. If this is the case, a very peculiar one-sided 
jet morphology was then implied for B3 J2330-I-3927. 

The 113 GHz observations of DB03 with the IRAM 
Plateau de Bure Interferometer revealed CO J=4-3 emis- 
sion peaking at a position coincident with component a, and 
at a velocity that closely corresponded to the velocity shift 
of an associated H I absorber seen in Ly-a . This strongly 
suggested that both CO emission and H I absorption orig- 
inated from the same gas reservoir surrounding the host 
galaxy. DB03 estimated a molecular hydrogen mass M(H2) 
= 7x10^" Mq, indicating that the host galaxy must be sur- 
rounded by a massive gas reservoir. 

3 RADIO OBSERVATIONS OF B3 J2330+3927 
3.1 VLA observations 

We reanalyzed the 8.4 GHz observations of B3 J23304-3927 
(DB03) made on 2002 March 30 with the VLA in A- 
configuration. The observations were made in standard con- 
tinuum mode, using a bandwidth of 50 MHz. We used a scan 
on 3C 48 from the previous observations to set the absolute 
VLA flux density scale. The compact source J22574-4154 
was used as the phase calibrator. We used standard ampli- 
tude calibration and phase self-calibration techniques within 
AIPS to obtain the 8.4 GHz VLA image of B3 J2330-H3927 
in Fig. The total cleaned flux density in the image is 
«21.4 mjy and the image off-source rms ~40/iJy/beam. 

We also analyzed archival 1.4 GHz data obtained with 
the VLA in A-configuration on 20 January 2001, kindly pro- 
vided by R. Ivison. The observations were done in pseudo- 
continuum, spectral line mode with 7x3. 125 MHz band- 
width and a central frequency of 1.400 GHz. We imaged 
B3 J2330-I-3927 using uniform weighting, resulting in a syn- 
thesized beam size of I'.'OO x 0'.'95. The total cleaned flux 
density in the image is «104.3 mJy and the image off-source 
rms ~60^Jy/beam. 
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Figure 1. VLA A-array images of B3 J2330+3927. Greyscales 
show the naturally weighted 8.4 GHz image, and contours the 
uniformly weighted 1.4 GHz image. The contour scheme is a geo- 
metric progression in \/2. The first contour level is at 0.6 mJy 
beam~^. The synthesized beams are shown in the top left 
(8.4 GHz) and bottom right (1.4 GHz) corners. Note the confirma- 
tion of the weak 8.4 GHz component A by the 1.4 GHz contours. 



3.2 VLBA observations 

We observed B3 J2330-I-3927 on 2004 November 29 and De- 
cember 9 with the VLBA at 1.7 and 5 GHz, respectively. 
We observed at a bit rate of 128 Mbit/s, and each frequency 
band was split into four intermediate frequencies (IFs) of 
8 MHz bandwidth each, for a total synthesized bandwidth 
of 32 MHz . Each IF was in turn split into 32 channels of 
0.25 MHz bandwidth each. The data were correlated at the 
VLBA Correlator of the National Radio Astronomy Obser- 
vatory (NRAO) in Socorro, using an averaging time of 2 s. 

Our target source, B3 J2330-f3927, was observed in 
phase-reference mode. B3 J2330-I-3927 and the nearby (~ 
40'), International Celestial Reference Frame (ICRF) source 
J2333-f3901 were alternately observed through each six- 
hour long VLBA run. The observations consisted of ~ 180 s 
scans on B3 J2330+3927 and ~ 100 s scans on J2333+3901, 
plus ~ 20 s of antenna slew time. In each observing run, the 
total on-target time was ~3.5 h. J2253-I-1608 was observed 
as fringe flnder, and was also used to calibrate the bandpass. 

We performed standard a priori gain calibration within 
AIPS, using the measured gains and system temperatures 
of each antenna. We fringe-fit and imaged the data for the 
calibrator J2333-I-3901 in a standard manner. The final im- 
age for J2333+3901 was then included as an input image in 
a new round of fringe-fitting for J2333-I-3901. In this way, 
the results obtained for the phase delays and delay-rates 
for J2333-I-3901 were structure-free. These new values were 
then interpolated and applied to B3 J2330-I-3927 using AIPS 
standard procedures. These technicalities allowed us to es- 
timate the positions of components inside B3 J2330-f 3927 
with milliarcsecond astrometric precision (see Table 0. 

To properly image the arcsecond-wide source 
B3 J2330+3927 with milliarcsecond resolution, we kept 
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Figure 2. Central part of the VLA 8.4 GHz image showing com- 
ponents N and B with the VLB A 1.7 GHz image overlaid as blue 
contours. Contour levels are a geometric progression in \/2, with 
the first contour starting at 0.36 mjy beam^^. 



the averaging integration time to 2 s and used a maximum 
channel bandwidth in the imaging process of 2 MHz at 
each frequency, which results in a maximum degradation of 
the peak response for the component furthest away from 
the phase center of less than ^AVo and prevents art ificial 
smearing of the images (e.g., iBridle fc Sch'^ll999^ . We 
used standard phase self-calibration techniques within 
AIPS to image B3 J2330-I-3927 at both frequencies. The 
image off-source rms was ~ 60/iJy at both 1.7 and 5.0 GIfz. 



4 RESULTS AND DISCUSSION 

Figure shows the reanalyzed 8.4 GHz VLA data on 
B3 J2330+3927, with the archival 1.4 GHz data overlaid. 
In addition to the three components identified by DB03, we 
also detect a faint component on the northwestern side of 
object a. In the following, we call these components A, B, 
C, and N, as identified in Fig. and Tabled The newly 
found component A, shows for the first time the detection 
of the counter-jet in B3 J2330+3927, providing support for 
the interpretation that the radio component N, coincident 
with object a, is the radio core. 

We used the VLBA to image with mas-resolution the 
entire VLA region, encompassing objects A through C. We 
detected components N and B only, both at 1.7 and 5.0 GHz. 
Figure |5| shows the 8.4 GHz map of these components, with 
the 1.7 GHz VLBA map overlaid. Figure |3 displays blow- 
outs of components N and B to show the VLBA data at 
their full resolution. Our 1.7 GHz VLBA data shows that 
region N consists of a strong source Nl, composed of a very 
compact region and a protrusion which likely corresponds 
to the jet, and a relatively faint, jet-like feature, N2, at a 
position angle of R::125°. Component B also splits into two 
components, Bl and B2, at a position angle of Ril60°. Com- 
ponent Bl shows an elongated structure at a position angle 
of ~-132°, thus forming an angle of 68 "with respect to the 
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Figure 3. VLBA 5.0 GHz images of components N (top) and B 
(bottom) shown in greyscales with VLBA 1.7 GHz contours over- 
laid. Contour levels are a geometric progression in \/2, with the 
first contour starting at 0.1 mJy beam~^. Note the protrusion 
southeast of component Nl, which corresponds to the jet ema- 
nating from the radio core, as confirmed by the detection of N2. 
Note that the jet bends by Ri35°between N2 and Bl (see text), 
and that Bl is extended perpendicular to the jet axis. 



line connecting Bl and B2. Our 5.0 GHz VLBA data only 
detect components Nl and Bl. Table Q lists the flux den- 
sities and positions for all these VLBA and VLA compo- 
nents. Component Nl has a spectral index ol\%——Q. 2±Q.l 
and Bl has al,'x, — — 1.2±Q.l, while components N2 and B2 
both have a\']^ < —0.9. Because component Nl has the flat- 
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Table 1. Gaussian component fits of B3 J2330+3927. 



1/ 


Comp. 


ARA 


ADEC 


c 

'-'peak 




GHz 


Name 


J2000 


J2000 


mjy/bcam 


mjy 


1.7t 


Nl 


24=8345 


12'.' 269 


10.45 


13.47 ±0.68 




N2 


24';8381 


12'.' 242 


0.71 


1.89 ± 0.11 




Bl 


24!8932 


11'.' 603 


2.45 


9.89 ± 0.50 




B2 


24! 8997 


11'.'397 


0.71 


5.53 ± 0.28 


5.0t 


Nl 


24? 8345 


12'.' 269 


6.70 


11.38 ±0.57 




Bl 


24? 8932 


11'.' 602 


0.35 


2.77 ± 0.15 


8.4* 


A 


24? 780 


13'.' 12 


0.31 


0.35 ± 0.05 




N 


24?837 


12'.'31 


10.02 


10.80 ±0.54 




B 


24? 900 


11'.' 53 


3.74 


6.28 ± 0.31 




C 


24? 923 


10'.'63 


2.55 


3.98 ± 0.18 



The component names are marked in Figs.0|^ and|21 the refer- 
ence coordinates are 23'^30™0?0 for RA, and 39°27'0y0 for DEC. 
The standard errors in the quoted VLB A positions are 1 mas in 
each coordinate, while those for the VLA positions are estimated 
to be Ri30 mas. The standard errors in the flux density estimates 
are the result of adding in quadrature the image off-source rms 
and a 5% of the peak flux density at each frequency, to account 
for inaccuracies of the system calibration. * From VLBA observa- 
tions at 1.7 and 5.0 GHz. * From VLA observations at 8.4 GHz. 

test spectral index of all components and is very compact, 
we identify it with the radio core of B3 J2330+3927, which 
is located at the position of the optical/near-IR type II AGN 
and the peak of the CO (4-3) emission (DB03). We note 
that the extrapolated VLBA flux density at 8.4 GHz for Nl 
(«10.8 mJy) is very close to the observed VLA flux, implying 
that most of the VLA emission comes from the core. Indeed, 
the fraction of the 8.4 GHz core emission, /c « 0.50, is ex- 
tremely la rge for a radio gal axy, and even large for quasar 
standards jSaikia et ahlligosll . The extrapolated VLBA flux 
density from component Bl at 8.4 GHz is «1.5mJy, sub- 
stantially lower than observed, indicating that a significant 
amount of flux density comes from a rather extended region. 

With the new information yielded by our VLBA obser- 
vations, we can now describe a consistent picture of the ra- 
dio structure of B3 J2330+3927: the source radio emission is 
core-dominated, and its morphology very asymmetric, with 
a lobe distance ratio Q = {Nl - C)/(Nl ~ A) «1.93 (see 
Table 0, and a lobe flux density ratio R — Sc/Sa ^ 11 
(from the 8.4 GHz VLA observations). We can exclude sig- 
nificant radio emission beyond component A, because our 
wide-fleld 1.4 GHz VLA map (l°xl°) is v ery deep, and no 
other component s are seen in the WE NSS llRengelink et alJ 
[1997) or NVSS iCondon et alJll998^ . The change in posi- 
tion angle between the jet-like feature emanating from the 
core, Nl-jet and N2, and the line connecting components 
Bl and B2, indicates that the radio jet is deflected between 
components N and B. Jet bending can be naturally ex- 
plain ed by the interaction of the jet with its ambient medium 
(e.g., ISaxton et ai]l2005^ or, alternatively, a s the precession 
of th e jet in a binary black hole system (e.g. jHummel et alJ 
[^8^. Interestingly, no increase in the Ly-a emission is seen 
in the 2D spectrum (Fig. 4 of DB03), in contrast to sim- 
ilarly defiected radio jets in other H zRGs, showing brigh t 
Ly-a emission at these bendings (e.g. Ivan Oiik et alJll99d) . 

The values of R and Q obtained for B3 J2330+3927 
are more common of quasar s than radio g a laxies , al- 
though statistical analyses by iMcCarthv et al.l Jl99ll) did 



not show t h ese di fferences to be highly significant. However, 
iBest et all (119951) show convincing evidence that quasars 
have more asymmetric radio morphologies than radio galax- 
ies. This finding is consistent with one of the prime expec- 
tations of the unified model, namely that quasars and radio 
galaxies are intrinsically similar, but quasars are observed 
when the rad io jet axis of the source is within 45° of the 
line of sight fBartheJ ll989l) . In addition, quasars also dis- 
play larger fc values than radio galaxies jSaikia et al Il99"5ll . 
Therefore, based on its radio morphology, B3 J2330+3927 
would be classified as a type I AGN. However, the optical 
and near-IR Keck spectra (Fig. 5 of DB03) clearly show only 
narrow emission lines with relatively strong HeH A 1640 and 
very faint H/9 typical of type II AGN. Moreover, the op- 
tical and near-IR continuum emission is weak (F[Arost = 
1500A]Ri5 X 10"^^ erg s~^ cm"^A"^) and relatively red 
(Fa oc A^'^), as is common in type II AGN. 

We now examine three possibilities to explain the ob- 
served asymmetries of the radio structure of B3 J2330+3927: 
(i) environmental effects, (ii) relativistic beaming effects, 
and (iii) intrinsic asymmetries. To date, almost all cases 
of asymmetry in radio galaxies have been explained by en- 
vironmental effects. I n the most detailed study to date, 
iMcCarthv et al.l lll99lf) find that for radio-loud type II AGN, 
the radio lobe closest to the core always lies on the same 
side of the nucleus as the high surface brightness optical line 
emission. This is contrary to what is seen in B3 J2330+3927. 
Fig. 4 of DB03 shows that the Ly-a emission extends from 
the radio core N to the southern radio lobe C, which is al- 
most twice further away from the core than the faint ra- 
dio lobe A. One could argue that the Ly-a emission to- 
wards lobe A is quenched by dust, which is revealed by its 
strong far-IR emission (Stevens et al. 2003, DB03). How- 
ever, the spatial profiles of the non-resonant [Oil] A 3727 
and [OIII] A 5007 lines in the Keck/NIRC spectra of DB03 
show a similar shape, with no emission towards lobe A, indi- 
cating that no substantial emission line flux is missing in the 
Ly-a profile. Environmental effects thus do not seem to play 
a major role in the radio morphology of B3 J2330+3927. 

Turning to relativistic beaming effects, we note that 
jet speed, /3, viewing angle, 0, and arm-lengt h ratio, Q, 
are r elated by j3cos<f) — {Q — 1)/{Q + 1) (e.g.. iBest et alJ 
^9^. The fact that we observe a clear type II AGN in- 
dicates that the viewing angle with respect to the line of 
sight should be </!> >45°. However, the fraction of the emis- 
sion from the nuclear component, /c=0.50 at 8.4 GHz, is 
very large for a radio galaxy, and suggests the viewing an- 
gle must be then close to the </)=45° limit. If this is the 
case, the obtained arm-length ratio Q «1.9 requires then 
a jet speed of /3 « 0.45. Now, the observed ratio of the 
flux densities of components C and A is 7? > 11. If com- 
ponents A and C are optically-thin, isotropically emitting 
jets, their flux ratio should then be, w ithin the relativistic 
beaming scenario (e.g., ..Mirabel fc Rodr iguez 1999; and ref- 
erences therein), equal to ( i-gcose ) ' "^here fc=2 for a 
continuous jet, and fc=3 for the case of discrete condensa- 
tions. Assuming that components A and C have an spectral 
index of a=— 0.9, the flux ratio for a continuous jet would 
be < 4, whereas for discrete condensations would be < 6. 
Our observed value of i? > 11 is therefore difficult to explain 
within the standard relativistic beaming framework. 
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The most likely explanation of the observed asymmetry 
thus seems to be an intrinsic difference in the radio jets. Ex- 
amples of such radio galaxies are very rare in the literature, 
and have only been reported at low re dshifts, for exampl e 
in the z=0.290 radio galaxy 4C 63.07 dSaikia et al.lll99dl . 
Sources like B3 J2330-I-3927 and 4C 63.07 are difficult to 
reconcile with predictions fro m the standard unified model 
for quasars and radio galaxies jBarthe]||l989l) . 

We estimated the energetics and magnetic fields in the 
regions N and B of B3 J2330-I-3927, using our VLBA im- 
ages. We measured the angular sizes of components Nl and 
Bl, and used their fiux densities and spectral indices be- 
tween 1.7 and 5.0 GHz to chara cterize them using standard 
prescriptions (e.g.. lM'ilevlll98(ill . We assumed spectral cut- 
off frequencies of :^i=0.01 GHz and V2 = 1GG GHz, a ratio of 
heavy particles to electrons fc=100, and a filling factor of 
the emitting regions of 1. Nl, the core, is characterized by 
a synchrotron radio luminosity of Lr ~ 3 x lO'^^ergs"^, 
an average magnetic field _B ~ 7 mG, a minimum energy 
density Umc 5 x 10"*^ erg cm~"^, and a (minimum) to- 
tal energy Stot ~ 7 x 10^'' erg. The radio region Bl dis- 
plays similar values: _B ~ 14 mG, Uroi ~ 2 x 10~^ ergcm"'^, 
Stot ~ 8 X 10^'^ erg, Lr ~ 8 x lO^^ergs-V Our esti- 
mates of the magnetic field in those components are in good 
agree ment with magn etic field estimates for other HzRGs 
(e.g., ICai et aljliooa) . and significantly higher than esti- 
mates found in typical nea rby powerful radio galax ies (e.g., 
B ~ 3 x 10"* for Cygnus A: ICariUi fc Barthell99il . If there 
is no energy resupply to the above radio source components, 
a radiative source component lifetime can be e stimated as 
7_ = i5rei/I/R, whcrc Srci = 7/4 (1 -|- fc)"^ i5tot iPacholczvkl 
Il97(i) . This leads to r ~ 2 x lO" yr and r ~ 7 x lO'^ yr for 
Nl and Bl, respectively. Since the average age of the rela- 
tivistic electrons, tr, in Nl and Bl is in both cases ~600 yr, 
i.e., tr <^ T, it follows that a continuous supply of newly ac- 
celerated electrons is required to explain the observed radio 
emission in those regions. 

5 SUMMARY 

The main results of our VLBA and VLA analysis of 
B3 J2330-I-3927 can be summarized as follows: 

(i) We identify component Nl, a rather compact, fiat 
spectrum {a « —0.2) with the core. It is located at the 
position of the optical/near-IR type II AGN and the peak 
of the CO(4-3) emission. 

(ii) The 1.4 and 8.4 GHz VLA images reveal a previously 
undetected, very faint counterjet. The 8.4 GHz VLA image 
shows that B3 J2330+3927 has a radio lobe fiux density ratio 
i? > 11, a radio lobe asymmetry ratio Q ~1.9, and a fraction 
of core emission fc ~ 0.50. These values are much more 
compatible to quasars, and not expected to occur in radio 
galaxies. However, B3 J2330-I-3927 is a bona-fide type II 
AGN by virtue of its optical and near-IR spectra. 

(iii) The fact that almost all the Ly-a emission is lo- 
cated at the side where the radio lobe is further away from 
the core is contrary to what has been observed in other ra- 
dio galaxies. This argues against environmental effects as the 
origin of the radio source asymmetry. Relativistic beaming 
effects also cannot explain the observed flux density asym- 
metry, implying an intrinsic asymmetry of the radio jets. 



This is the first example of such a source at high redshift, 
and seems to be difficult to reconcile with the unified model. 

(iv) We estimated the energetics and magnetic field of 
the innermost regions of B3 J2330-I-3927. We find values of 
the order of B ~7-15 mG for Nl and Bl, values that are 
significantly higher than estimates found in typical nearby 
powerful radio galaxies (e.g., B ~ 0.3 mG for Cygnus A). 
From the estimated radiative lifetimes for those regions, we 
conclude that a continuous supply of newly accelerated elec- 
trons is required to explain the observed radio emission. 
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